The recent years have been characterised by a rapid development of whole slide imaging (WSI) especially in its applications to histology. The application of WSI technology to cytology is less common because of technological problems related to the three-dimensional nature of cytology preparations (which requires capturing of z-stack information, with an increase in file size and usability issues in viewing cytological preparations). The aim of this study is to provide a review of the literature on the use of digital cytology and provide an overview of cytological applications of WSI in current practice as well as identifying areas for future development.
| BACKGROUND
By the last decade of the 20th century, digital imaging rapidly replaced film-based imaging in many medical fields. Radiology is certainly the most significant example of this technological change, but also in microscopy at the beginning of the current century it became difficult to find a conventional film camera in a Department of Pathology. Thanks to the constant increase of the power and speed of microcomputers, the year-by-year reduction in costs and their ease of use, digital cameras took their place on the head of the microscope replacing the conventional film camera.
In the same years, many companies introduced new instruments able to scan whole histological or cytological preparations at microscopic level and to display the resulting images by means of software which allowed the user to navigate and zoom the digital preparation as a true virtual microscope.
In the last decade, this whole slide imaging (WSI) technology has progressed and, despite some technical and financial hurdles and resistance to adoption, it is now frequently used in many centres for education and training, documentation, research, image analysis, quality control, second opinion and, increasingly, also for primary diagnosis. These mentioned purposes easily apply to digital histology and, with a different technical approach, they can also be applied to digital cytology. 1, 2 The aim of this paper is to focus on the technical issues related to cytological WSI, to review the application of WSI, also called 'virtual slides', in cytology and to discuss its current and future use.
| WSI IN CYTOLOGY. A THREE-DIMENSIONAL PROBLEM
A histological preparation is made of a thin section of tissue with a relatively even surface lying on a glass slide and protected by a coverslip. A mounting medium stabilises the system and eliminates the air between the different components of the preparation.
There is no single type of cytology. Smears and centrifuged preparations (Cytospin â ) can be air-dried or fixed in alcohol or formalin-based fixatives. LBC preparations are cell suspensions obtained by depositing the collected cytological material in small bottles containing a preservative liquid. After fixation, appropriate instruments process the cell suspension to obtain an approximate monolayer of cells on a predetermined area of the slide. The common characteristic of the different types of cytological preparations is the irregular distribution of the cells and the possible presence of cell clusters, maximal on manual smears, minimal on some of the LBC preparations. Besides, during the drying process the cells can float in the mounting medium. In LBC the flotation is minimised, but still present. The final result is a three-dimensional (3D) distribution of the cytological material. This is not a problem in light microscopy because each element can be easily recognised by adjusting the fine focus control, but these structural differences between histological and cytological preparations force different scanning strategies.
| SCANNER FOCUSING
The modern scanners for microscopy use different methods to calculate the best fitting focus plane while scanning a histological or cytological preparation. 3, 4 Many of these methods are covered by industrial secrets, but roughly speaking there are two main methods.
The first applies a kind of least squared method to calculate the ideal focus plane using an arbitrary number of focus points randomly chosen on the histological or cytological preparation. The resulting regression line should represent the best focus plane suitable for the whole preparation ( Figure 1) . A second method simply divides the preparation in stripes, takes some randomly chosen focus points and assumes the mean value as generalised best fitting focus plane.
These methods give acceptable or good results scanning histological slide. The standardised structure and the regular thickness of the tissue section are adequate to scan the preparation using a single zdimension layer.
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In cytology, both methods show some limits because of the irregular distribution of the cells on the slide and because of the previously mentioned 3D structure of the preparation. In some cases, the scanner struggles to find a focus point and, in some cases, cannot find a focus at all. The problem can be partially solved by scanning the cytological slide at different z-stack levels and using a viewer that allows the visualisation of this kind of multilevel digital slides. Almost all scanners for WSI can take images from multiple zdimension layers. 6 The user can choose the number of levels to scan and the distance between each level. The obvious result of a multilevel scanning is a digital file much larger than a file originating from a single level scanning and a longer scanning time. These technical factors, number of levels, distance between levels, dimension of the files and increased scanning time, are potential sources of problems and barriers to the use of cytological WSI. The lack of agreement on them and the availability of relatively little evidence in the literature further complicates the problem.
| Z-STACK LEVELS
In a recent study, Bongaerts et al 7 found that in cervical LBC, the observers found a distance of 2 lm between the z-dimension layers and seven levels more acceptable than a 1 lm distance. Earlier, Mori et al 8 in a complex study based on cells dimensions determined that "layers of 1.5 lm thickness each with a total of 10 to 15 layers resulting in 15 to 20 lm scan is suitable for most cytology slides".
These findings are in contrast with Donnelly et al, 9 whose study in cervical LBC supports the use of three levels at 1 lm distance between each level and Mukherjee et al, 10 who found highest interobserver reliability, in thyroid FNAC, for three levels scanning at 1 lm distance between levels ( Table 1 ).
| DEEP FOCUSING
As previously mentioned, compared to the single level scanning used 
| SUBJECTIVE PERCEPTION AND DIAGNOSTIC ACCURACY
In many studies, diagnostic accuracy and subjective acceptance of cytological WSI are mutually correlated. 7, 17, 18 It is interesting to note that the diagnostic accuracy measured as concordance between virtual microscopy and glass microscopy is usually reported as good or acceptable. At the same time, several issues seem to affect the judgment on the subjective acceptance of cytological WSI. They can be summarised as: (1) normally it is hosted on a remote server connected to the local client through a local area network or the Internet. Improvement of network performance should overcome these types of problem in many cases.
The longer time needed for screening may be attributed both to the network speed and to the characteristics of the viewing software. The modern viewers are user friendly, but some training time
The traditional approach consists in taking a picture (tile) for every single level at a predetermined distance between the levels (in the example: 1.2 lm). Because of the high number of possible tiles in each level (in some cases, there can be more than 100 000) the virtual slide file will be very large (see text). (B) In the semantic focusing approach, a picture is taken only if a cluster, a cell or a relevant particle is found during the multilevel scanning. The obtained virtual slide will result in a considerably smaller file is always needed. Moreover, the user must learn how to recognise the cellular features in the digital image compared to the microscope, and this may be linked to the fine difference in colours between the digital image and the microscope slide. Finally, the movement of the stage of the microscope and of the micro-focusing wheel is certainly more rapid than the virtual slide panning and z-dimension change in most cases. Improvement of the viewing software will certainly speed up the digital screening, but it is easy to imagine that for an expert cytopathologist or cytotechnologist the screening time of a conventional cytological preparation will remain shorter than the time necessary for the electronic screening of the same preparation.
The impossibility or difficulty to digitally mark cells or areas of interest is no longer a problem. All the viewers currently provided by the scanner manufacturers and by third parties allow marking and annotating of the virtual slide.
Finally, the problems related to z-stacking of the virtual slide has already been discussed. The possibility of multilevel scanning of the cytological slide is of fundamental importance and marks the true difference between virtual histology and virtual cytology.
| EDUCATION
Intuitively, the possibility to scan whole slides and to organise them in structured databases accessible via the Internet represents a pow- 
| PROBLEMS RELATED TO THE ADOPTION OF WSI FOR CYTOLOGY
A number of problems can be identified reading the available literature about WSI in cytology and more in general about digital techniques applied to cytology. Many of them are the general problems related to digital pathology and generally related to the absence of a common standard for hardware and software. However, some of them are more specific for cytology. They can be briefly summarised as follows.
• • Lack of agreement on the scanning resolution required for cytology.
It is surprising that most of the published studies do not mention the magnification used. Expressions such as high-resolution scanning or highest possible resolution are widely used, but an exact specification is often missing. In fact, this information can be inferred from the scanner brand (if specified). As previously mentioned only the Leica-Aperio CSO provides magnification higher than 409 using oil immersion.
• Lack of agreement on z-stack resolution. This is probably the core problem of WSI in cytology and the main difference between histological and cytological WSI. It is common experience that fine focusing is often used in screening of a conventional cytological preparation. Hence, increasing the number of z-levels should lead to better results screening a digital slide. As previously seen, this 
| CONCLUSIONS
Cytology is an often-overlooked area when whole slide imaging is considered in a laboratory, due to understandable barriers such as the complexity of scanning multiple z-stacks and consequent time and storage costs. However, given the ongoing need for cytological diagnosis (a trend which may possibly increase in future as minimally invasive procedures to obtain material for genetic/molecular analysis are used), together with a shortage of suitably trained cytopathologists, it is likely that the need for WSI in cytology may increase, and hardware/software solutions to the barriers will be sought.
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